A low diffraction beam was obtained by reconstructing the existing optic resonator of a CO2 laser using a special phase plate. The phase plate was designed based on the boundary diffraction principle and was implemented on the cavity terminal mirror. It was found the low diffraction beam has M 2 smaller than that of a Gaussian beam. The effects of the improved beam quality on laser ablation process are investigated on polymeric material. A theoretical model is provided to predict laser ablated hole profile and the penetration length. The theoretical results are in agreement with the experimental measurements. Both the experimental and theoretical results show that the low diffraction beam has marked advantages over the Gaussian beam in ablation-dominated material removal processes in terms of larger depth and smaller taper at the same average power lever.
Introduction
Laser beam quality plays a role in quality and efficiency of laser materials processing applications. Higher beam quality typically means approximately fundamental-mode oscillation. Many efforts have thus been made to change high-order modes into the approximately fundamental modes. The TEM00 Gaussian beam has been long regarded as an ideal beam, or diffraction-limited beam. The beam quality can be described quantitatively in term of M 2 defined by Siegman [1] . M 2 is the ratio of the standard deviation product for a nondiffraction-limited, multi-transverse-mode beam, to the corresponding product for a Gaussian beam. The M 2 for the fundamental-mode Gaussian beam is thus unity. A question is if it is possible for a practical beam to have a M 2 value small than that of the fundamental-mode Gaussian beam. A low-diffraction beam has been developed [2, 3] which has a smaller M 2 value. The principle of the low-diffraction beam and its implementation in a CO2 laser will be briefly explained.
The next question is whether the low-diffraction beam, whose M 2 value is smaller than that of a Gaussian beam, can directly translate into better quality and efficiency in laser materials processing applications, such as laser machining. Although it is generally agreed that the laser beam quality has a direct effect on machining quality, no consensus has been reached that a smaller M 2 is always beneficial to the machining process because the machining process is a complicated thermal process that could also involve fluid flow and melt rejection. A beam with smaller M 2 value is likely to result smaller hole sizes or narrower slots, which is not in favor of melt rejection. In ablationdominated laser machining process, however, since most of the material is vaporized almost instantly and is mainly removed by vapor pressure or assist gas, the low diffraction laser beam with smaller M 2 value is expected to have beneficial effects on the machining process.
The hole, groove and cut quality and profile are obviously of importance especially in the growing microelectronics and precision medical device applications [4, 5, 6] generally gauged by wall definition, extent of heat-affected zone, and ability to produce features with higher aspect ratio. Laser ablation of polymeric materials using IR [7] and UV [8] beams is a well established process. Factors of laser beams likely to affect drilling and grooving have been studied in many reports [9, 10] . This paper investigates applications of the low-diffraction beam to ablation-dominated drilling and grooving processes involving polymer material and its beneficial effects on the process quality, in comparison with a Gaussian beam.
The principle and generation of low diffraction beam
The low diffraction beam is obtained by reconstructing the existing optic resonator of a CO2 laser based on diffraction principle and implemented at the cavity terminal mirror. The principle and generation of the beam is briefly summarized below for the paper's self-containment, which more details can be found in [2, 3] . Huygens suggested that every point on a wave front should be considered a new source of forwardly directed spherical waves. Extending this suggestion into the notion of interference, Fresnel developed what is known as the Huygens-Fresnel principle [11] . Kirchhoff provided a physical basis for this principle through the development of the Kirchhoff integral theorem, which treats scalar waves and is firmly based on wave theory through the Helmhozoltz wave equation. For a spherical or plane monochromatic wave U (i) (Q)e -it incident on an aperture A in a plane black screen, the diffraction field can be obtained by the Kirchhoff's formula [11] , as
where s denotes the distance from a typical point in the aperture to point P , k is the propagation constant of the incident wave, n   / denotes differentiation with respect to the normal to the surface of integration, pointing to the half-space containing the point P . In deriving Eq. (1), Kirchhoff set
where B denotes the portion of non-illuminated side of the screen (area out of A).
According to the Huygens-Fresnel principle, Kirchhoff proposed the following expression for the diffraction field: ds s n r n rs
Based on the Maggi-Rubnowicz theory [11] , the optical field at the observation point P can be written as:
(4) where U (g) (P) represents the disturbance as predicted by geometrical optics, given by
where R is the distance from the optical source (S) to P. 
where  denotes the edge of an aperture, and  is an inclination factor. r1 is the distance between S and the edge of an aperture, and s1 is the distance between the edge of an aperture and the observation point.
It can be proved that when the axial observation point P is in the direct beam, d<0, which means that there is a  phase jump in the boundary wave compared with the incident wave. Because the observation point P is always in the direct beam, according to the above analyses the  phase jump exists in most cases, especially for axial points. It is also valid when a convergent spherical wave or plane wave is normally incident upon a circular aperture. A new cavity, which generates a low diffraction beam, is based on the recognition of the  phase jump.
According to the boundary diffraction wave theory, the far-field intensity distribution of diffraction wave is formed by interference between two beams, one is the beam passes directly through the aperture which propagates under geometrical rule (geometrical beam), and the other is the beam produced by the boundary of the aperture (boundary). As mentioned above, the boundary wave possesses a phase jump of  compared with incident beam. If a phase plate is added to the geometrical beam, the geometrical beam will have the same phase with the boundary beam. A laser cavity with a phase plate attached to the rear mirror is schematically shown in Fig. 1 . The interference of these two beams will form a new beam with higher central intensity than the incident beam. In addition, if the incident beam is an ideal Gaussian beam, the output beam will have a better beam quality than Gaussian beams.
Because the output of the low diffraction beam is not a Gaussian distribution, it is more practical to use the definition of 86.5% power content to measure the beam size. In order to compare the beam quality of the new mode and Gaussian beam, the equivalent beam quality factor M e 2 is defined as follows:
where W86.5 is the equivalent beam waist size under the definition of 86.5% power content, 86.5 is the divergence angle corresponding to the 86.5% power content, and  is the beam wavelength. For the low diffraction beam used in the paper, the equivalent beam quality factor M e 2 is about 0.3, based on experimentally measured W86.5 and 86.5, and  = 10.6 m.
The intensity distribution of Gaussian beam, I0 G (r), and the low diffraction beam, I0 L (r), at the beam waist can be written where D is a coefficient to maintain the total power for both cases identical, W0 is the beam radius, and I0 is the peak intensity. By substituting W0=1.49 mm (experimentally measured) and Me 2 =0.3 (using Eq. 7) in Eq. 8, near-field intensity distributions of both beams are plotted in Fig. 2a . The intensity distributions at far field for both beams are given as: Fig. 2b . It can be seen that the low diffraction beam has higher central intensity and smaller diameter than the Guassian beam in both near field or far field.
Theoretical model to predict drilled hole profile
Under the irradiation of the laser beam, the material is first heated from room temperature to the melting temperature at which point melting takes place. Depending on the laser intensity and material property, the molten material is evaporated by additional heating when it reaches the vaporization point and vapor-filled keyhole is formed. Numerous models of laser drilling have also been developed, which typically involve treatment of material parameters, such as radiation absorption, heat capacity, latent heats, and thermal diffusivity. Paek and Gagliano [12] developed a theoretical model to predict the temperature profile assuming a laser beam of circular cross section and uniform intensity. Dabby and Paek [13] calculated the transient temperature and penetrating velocity during the vaporization process. From the hydrodynamic point of view, the hole profile can be considered as a result of balancing the deforming force of vapor pressure and the restoring force of gravity and surface tension. A simple analytical model was developed by Andrews and Atthey [14] to predict the hole profile based on hydrodynamic force balance on the hole surface.
Andrews and Atthey's model was used to predict the penetrating hole profile from a highintensity beam ablation. The model is based on the hydrodynamic force balance on the liquid surface melted by the laser beam. The laser energy absorbed at the surface causes vaporization of the metal. There are four forces, which are taken into account: recoil pressure, gravity, surface tension and vapor pressure. The recoil pressure is caused by vaporizing the metal so that it undergoes a momentum change, and is primarily responsible for maintaining a depression in the material. The recoil pressure is obtained through vapor velocity, which can be calculated through energy balance. The effects of hole geometry is incorporated in the force and energy balance. More details of the model are described in Appendix. In the model, the incident beam power is assumed to be uniformly absorbed at the surface for the same incident angle, i.e., the absorption coefficient is assumed to be geometry independent. The vapor pressure inside the hole is assumed to be equal to the atmospheric pressure. In reality, the beam absorption may not be uniform due to surface irregularity. Compressible vapor flow and plasma are not considered.
To solve the nonlinear partial differential equation (A-7) with boundary conditions Eq. (A-8) in Appendix, the independent variable of S was first transformed by an exponential parameter so that the region of interest (
) is transformed to a finite region (0, 1]. The finite-difference method was then used to solve the nonlinear problem. The finite region was divided into many equal subintervals and the single equation becomes a nonlinear matrix system. Newton's method for nonlinear systems is then used to approximate the solution to the system. The process is repeated until satisfactory convergence is achieved.
For convenience in comparison, the constant coefficient of the normalized power density Q(R) in Eq. (A-7) was calibrated so that the hole depth approximately matches the experimental hole depth. The model predict the hole profile in the same way for both the Gaussian beam and the low diffraction beam except using different values for their peak intensity, I0(r), and the beam radius,W0 in Eq. (A-7). For the Gaussian beam, the peak intensity is experimentally determined 84 W/cm 2 , and the beam radius 1.49 mm. For the low diffraction beam, the peak intensity is experimentally determined 146 W/cm 2 and the beam radius 0.75 mm. The calculated profiles are compared with the experimentally burned ones in Fig. 4 .
Comparative experimental investigation and discussions
The effects of the improved beam quality on materials processing applications are comparatively investigated in polymer ablation using the CO2 laser with Gaussian beam (the original cavity) and the low diffraction beam (the modified cavity with the special phase plate). Drilling and grooving are carried out on acrylic. The laser is in CW operation. Experimental conditions were kept the same for both cases. Unfocussed beams are compared first. Fig. 3 shows holes ablated on acrylic by unfocused Gaussian beam and the low diffraction beam. Obviously, the hole profile with the low diffraction beam has a smaller beam diameter and a larger hole depth compared to that ablated by the Gaussian beam. Although the power level is the same, the low-diffraction beam has a higher energy intensity and a smaller beam size. The energy intensity and the beam size for both the low diffraction beam and Gaussian beam were obtained experimentally and were used in the theoretical model to predict the hole profile ( Fig. 4) , where the dash line indecates The beams are then focused using a lens with a focal length of 40 mm. The CO2 laser varies at two average power levels, 7 and 9.2 W. For the Gaussian beam, the resultant average power intensity is 5.22x10 4 W/cm 2 for 7 W, and 6.71x10 4 W/cm 2 for 9.2 W. For the low diffraction beam, the resultant average power intensity is 2.01x10 5 W/cm 2 for 7 W, and 2.68x10 5 W/cm 2 for 9.2 W. Fig.6 shows measured diameters of drilled hole vs. ablation time at two power levels. The hole diameter drilled with the low diffraction beam is about 25% smaller than that with Gaussian beam. In addition, with the ablation time increasing, the diameter of drilled holes with the low diffraction beam increases slower than that with Gaussian beam. The slope of curves with the Gaussian beam increases faster with ablation time, especially when power is 9.2W. Fig. 7 shows the variation of hole taper against ablation power for both the low diffraction beam and Gaussian beam. Taper is defined as the ratio of hole diameter to hole depth and is one of the quality factors for hole profile. It is seen from Fig. 7 that the holes drilled with the low diffraction beam have significantly smaller taper values than that drilled with the Gaussian beam. The predicted values from the theoretical model are also shown in the figure and are generally in agreement with the measured values. The taper value decreases with the increasing power level for both low diffraction beam and Gaussian beam. This is because the diameter of hole increases much slower than the hole depth when the power level increases, as seen from Figs. 5 and 6.
The low diffraction beam also has a longer focal depth than that of the Gaussian beam. Fig. 8 shows experimental results with ablation power of 7W and ablation duration of 0.5 sec. The focal length of the focusing lens is 40mm. In Fig. 8 L represents the distance from the focusing lens to workpiece top surface. As seen, the ablated hole diameter changes from about 0.4 to 0.7 mm with the low diffraction beam and 0.3 to 1.0 mm with the Gaussian beam when L changes the same amount. The fact that the L value corresponding to the smallest spot size differs between the two beams can be easily understood because their beam distributions and wave front curvatures are different. The focused low diffraction beam and Gaussian beam were then applied to groove the same polymeric material. Fig. 9 compares the cross sections of groove profiles using both beams. It is seen that at the same power level and the grooving speed, the cross section profile with the low diffraction beam has a smaller taper than that with the Gaussian beam. Smaller taper is preferred in many applications.
Conclusions
A low diffraction beam, which has a M 2 factor smaller than unity, was implemented with a CO2 laser and applied to ablation-dominated drilling and grooving of acrylic. The experimental results show that the low diffraction beam produced larger depth, smaller taper and smaller hole diameter/groove width, as compared with a Gaussian beam at the same average power level. This is true for both the unfocused and focused cases. The focal depth of the focused low diffraction beam is also longer than the Gaussian beam, indicating its suitability for processing thick sections of material. A simple ablation model was used to predict the hole profile generated by both Gaussian beam and the low diffraction beam, and the theoretical results were in agreement with the experimental observations. If the implementation of the low diffraction beam is extended to a higher power level, the same advantages can be expected in laser machining of other materials so long as ablation is the dominant mechanism of material removal. In case where ablation is not dominant, the low diffraction beam is likely to offer at least some of the advantages but further studies are needed.
Appendix A simple analytic model to estimate hole profile is summarized (Andrews and Atthey, 1976) . The model assumes that all of the incident power is absorbed and is used to evaporate the surface (neglecting heat conduction). The vapor pressure effects are not considered. where  is the angle between the beam direction and the surface normal direction, and h is the energy per unit mass needed to vaporize the liquid. From geometry relation Bernoulli's equation gives W0 is some characteristic width of the beam. Eq. (A-7) is a second-order differential equation with two boundary conditions specified as: (A-8)
